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The superconducting gap structure of recently discovered heavy fermion CePt3Si without spatial
inversion symmetry was investigated by thermal transport measurements down to 40 mK. In zero
field a residual T -linear term was clearly resolved as T → 0, with a magnitude in good agreement
with the value expected for a residual normal fluid with a nodal gap structure, together with a
T 2-dependence at high temperatures. With an applied magnetic fields, the thermal conductivity
grows rapidly, in dramatic contrast to fully gapped superconductors, and exhibits one-parameter
scaling with T/
√
H. These results place an important constraint on the order parameter symmetry,
that is CePt3Si is most likely to have line nodes.
PACS numbers: 74.20.Rp, 74.25.Bt, 74.25.Fy, 74.70.Tx
@
In heavy fermion (HF) compounds containing Ce, Pr
and U atoms, the strong Coulomb repulsion within the
atomic f -shells leads to a notable many-body effect and
often gives rise to unconventional superconductivity, in
which the superconducting gap function has line or point
nodes along certain directions in the Brillouin zone. Since
the gap structure is closely related to the pairing mecha-
nism of the electrons, the gap structure of HF supercon-
ductors is very important in understanding the physics of
unconventional superconductivity in strongly correlated
systems [1, 2].
Very recently a new HF superconductor CePt3Si with
Tc=0.75 K has been discovered [3]. CePt3Si has aroused
great interest because it possesses quite unique proper-
ties. The most noticeable feature is the absence of spatial
inversion symmetry, in contrast to most unconventional
superconductors. It is well known that in the presence
of strong spin-orbit interaction, the absence of inversion
symmetry gives rise to a splitting of the two spin de-
generate bands. It has been shown that the lifted spin
degeneracy strongly influences the pairing symmetry of
Cooper pairs [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. For ex-
ample, Rashba-type spin-orbit interaction dramatically
changes the paramagnetic effect, which breaks up Cooper
pairs [5, 6, 7, 8, 9]. According to a subsequent band
structure calculation, the band splitting energy near the
Fermi level in CePt3Si is more than a thousand times
larger than kBTc, indicating strong spin-orbit coupling
[10]. The special interest in the symmetry of CePt3Si
has arisen with the observation that the upper critical
field Hc2 ∼ 4 T drastically exceeds the Pauli param-
agnetic limit HP ∼ 1.3kBTc/µB ∼1 T [3]. Moreover,
recent NMR measurements have reported no change of
the Knight shift below Tc for H ‖ c [13]. These results
indicate that the paramagnetic effect on Cooper pairs is
absent or is strongly reduced in CePt3Si. Generally in the
system without inversion symmetry the gap function is a
mixture of spin-singlet and -triplet channels in the pres-
ence of a finite spin orbit coupling strength. The main
channel of the gap function of CePt3Si has been analyzed
in the light of either spin-triplet or spin-singlet pairing
[3, 7, 8, 9, 10, 12]. Moreover, peculiar properties, includ-
ing nonuniform helical superconducting phases [14] and
the Zeeman-field-induced supercurrent [15], have been
proposed in association with the lack of inversion sym-
metry.
Apart from exhibiting noncentrosymmetric supercon-
ductivity, CePt3Si undergoes a superconducting transi-
tion after antiferromagnetic ordering with local moments,
∼0.2-0.3µB/Ce, occurs at TN=2.2 K [3]. The ordered
moments are coupled ferromagnetically in the tetragonal
ab plane and are stacked antiferromagnetically along the
c-axis [16, 17]. A similar coexistence has been reported
in UPd2Al3 [2]. In UPd2Al3, strong coupling between
superconductivity and spin wave excitation has been re-
ported [18] and the gap function ∆ ∝ cos kzc indicates
pairing between adjacent layers [2, 19]. Therefore, the re-
lation between the superconductivity and local moment
in CePt3Si is an intriguing issue.
A major outstanding question about CePt3Si is the na-
ture of the superconducting gap structure, which is of pri-
mary importance for understanding the peculiar super-
conducting state associated with broken inversion sym-
metry and the coexistence of superconductivity and or-
dered moments. The spin triplet pairing state with point
nodes, d(k)=xˆky-yˆkx, has been proposed as a candidate
for the gap function [3, 7]. Recent NMR experiments
have reported that the T -dependence of the relaxation
rate 1/T1 below Tc in CePt3Si is different from 1/T1 for
other HF superconductors, indicating a new class of su-
perconducting state with a point node gap function [17].
However, since the conclusion from NMR was drawn by
the measurements at high temperature and high field re-
gion in the vortex state, a more detailed experimental in-
vestigation of the gap structure is required to shed light
on the proposed novel superconducting states. In this
Letter, we report on thermal transport measurements
2down to 40 mK in order to clarify the gap structure of
CePt3Si. We provide strong indication of line nodes in
CePt3Si, in contrast to the previous studies.
Single crystals of CePt3Si were grown by the Bridge-
man method. Clear de Haas-van Alphen oscillation was
observed at low temperatures in sample from the same
batch, confirming the high quality of the sample. The
thermal conductivity κ was measured between 40 mK
and 3 K for a heat current q ‖ a-axis of the tetragonal
structure in H ‖ b-axis.
The insets of Fig.1(a) and (b) show the a axis resistiv-
ity ρ and κ. Below TN , ρ exhibits Fermi liquid behavior,
ρ ∝ T 2. At 50 mK, Hc2 determined by ρ is slightly
below 4 T. Figure 1 and the inset of Fig.2(b) depict
the T -dependence of κ/T . In zero field, κ/T exhibits
a broad minimum at TN , shows no significant change
at Tc and decreases rapidly with decreasing T after ex-
hibiting a maximum just below Tc. Similar behavior
has been reported in UPt3 [20]. In order to use κ as
a probe of quasiparticle behavior, the phonon and anti-
ferromagnetic magnon contributions must be extracted
reliably. The magnon contribution is negligibly small at
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FIG. 1: (a) Main panel: a-axis thermal conductivity of
CePt3Si for H‖ b-axis, plotted as κ/T vs. T (• 0T, ◦ 0.2T,
N 0.5T, △ 1T,  1.5T,  2T, H 3T, ▽ 4T). The solid line is
a linear fit in zero field: κ/T = A + BT . The dashed line is
the contribution of phonons κph. The dash-dotted line is the
thermal conductivity in s-wave superconductors. Inset: T -
dependence of a-axis resistivity for H‖ b-axis. (b)The same
data at low temperatures plotted as κ/T vs. T 2. The solid
line is a linear fit in the normal state: κ/T = a + bT 2. The
dashed line represents κph. Inset: T -dependence of κ/T in
zero field.
T < 1 K, since the spin wave gap in CePt3Si is reported
to be larger than 15 K [17]. The simplest way to esti-
mate the phonon conductivity is to separate the phonon
κph and electron κe contributions in the normal state
at a temperature sufficiently low that κph has reached
its well defined asymptotic T 3-dependent value given by
κph =
1
3
β〈vs〉T 3ℓph, where β is the phonon specific heat
coefficient, 〈vs〉 is the mean acoustic phonon velocity and
ℓph is the phonon mean free path. In Fig. 1(b), κ/T is
plotted as a function of T 2. The solid line is a linear fit in
the normal state, κ/T = a+ bT 2 with a = 0.65 W/K2m
and b = 1.4 W/K4m. Using 〈vs〉 ∼ 3000 m/sec and
β ≃ 10.8 J/K4m3 yields ℓph ∼ 200 µm, which is com-
parable to the sample size. Therefore the T 3-term in κ
mainly originates from phonons. Note that the Lorentz
number L = κρ/T ≃ 1.02L0 at T → 0 in the normal state
is very close to the Sommerfeld value L0 = 2.44×10−8 Ω
W/K. The dashed lines in Figs. 1 and 2 show κph. Based
on these estimations, we can conclude that heat transport
well below Tc is dominated by the electronic contribution:
κ ∼= κe.
We first discuss the thermal transport in zero field. As
shown in Fig. 1(a), the T -dependence of κ/T in CePt3Si
is markedly different from that in a fully gapped s-wave
superconductor, in which κ/T exhibits exponential be-
havior [21]. As shown by the straight line in Fig. 1(a),
κ/T is well fitted to the data by κ/T = A+BT in a wide
T -range above 40 mK.
The presence of a residual term at T → 0 in κ/T is
clearly resolved. The residual term indicates the exis-
tence of a residual normal fluid, which is expected for
an unconventional superconductor with nodes in the en-
ergy gap. This residual normal fluid is a consequence of
impurity scattering, even for low concentrations of non-
magnetic impurities [23, 24]. It has been shown that
for an order parameter with line nodes, the quasiparticle
thermal conductivity has components that are universal
in the limit T → 0 and of the form,
κe
T
=
κ00
T
(
1 +O
[
T 2
γ2
0
])
. (1)
in the range kBT < γ0, where γ0 is the impurity band-
width [23, 24, 29]. κ00/T is the residual term and the
second T 2-term is a finite T correction, which strongly
depends on the impurity scattering phase shift. We did
not observe the T 2-term in κ/T in our T range. This
may be due to the fact that γ0 is comparable to or less
than our lowest temperature. In this case, the resid-
ual term extrapolated from high temperature regime, as-
suming κ/T = A + BT , gives a lower limit of κ00/T ,
while the value at κ/T at 40 mK gives the higher limit:
0.1W/K2m< κ00/T <0.2W/K
2m. The magnitude of the
residual term κ00/T for unitary scattering with small γ0
is given by,
κ00
T
=
(
4
π
~Γ
∆0
1
µ
)
κn
T
. (2)
Here κn is the normal state thermal conductivity, ∆0 is
3the maximum of the energy gap, Γ (γ0 ≃ 0.61
√
~Γ∆0)
is the impurity scattering rate and µ = 1/∆0 |
d∆(φ)/dφ |nodes is the slope parameter of the gap func-
tion at the node. This universal limit is the result of
a compensation between the growth in the normal fluid
density with increasing impurity concentration and the
concomitant reduction in the mean free path of the quasi-
particles [23, 24, 29]. The universal thermal conductivity
has been reported for high-Tc cuprates [30] and Sr2RuO4
[25]. Using ~Γ/∆0 ≃ πξ/2ℓe ∼ 0.16 from de Haas-van
Alphen[31] and Hc2 measurements, κ00/T is estimated to
be ∼0.09W/K2m, where ξ is the coherence length and ℓe
is the mean free path. This value is close to the observed
κ00/T ∼ 0.1 W/K2m. Thus the residual conductivity is
quantitatively consistent with a gap function with line
nodes.
The temperature dependence of κ/T is intriguing. In-
stead of being T 2 (as predicted by theory), it is T -linear.
Long ago, it has been argued that in the presence of line
nodes in the gap function, the linear energy dependence
of the density of states (DOS) leads to a T -linear κ/T
[22]. Experimentally, in several superconductors believed
to host line nodes, such as CeCoIn5 [27], CeIrIn5 [28] and
Sr2RuO4 [25, 26], κ/T is T -linear in a wide temperature
range below Tc.
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FIG. 2: (a)H-dependence of the T -linear coefficient of κ/T =
A + BT , (b)H-dependence of κ, normalized by the normal
state value κn, as a function of H/Hc2 at T =100 mK and
at T → 0. We used Hc2= 3.6 T. The dashed line represents
κ/κn = 0.15 + 0.54H
0.49 . The solid line is the result of fit-
ting obtained by using Eq. (3). For comparison, data for the
typical s-wave superconductor Nb at 2 K is shown (). For
details, see the text.
Strong indication for the presence of line nodes is pro-
vided by the H-dependence of κ. Figure 2(b) depicts the
H-dependence of κ normalized by the normal state value
κn at 100 mK and at T = 0 (κ = κe) obtained by the sim-
ple extrapolation to T → 0. For comparison, we show in
Fig. 2(b) the thermal conductivity of the typical s-wave
superconductor Nb at 2 K [37]. The H-dependence of
κ/T in CePt3Si is in dramatic contrast to that in Nb. In
an s-wave superconductor, the only quasiparticle states
present at T ≪ Tc are those associated with vortices.
When vortices are far apart, these states are bound to
the vortex core and are therefore localized and unable to
transport heat; the conduction shows an exponential be-
havior with a much slower growth with H at H ≪ Hc2.
Therefore the large amount of delocalized quasiparticles
throughout the vortex state of CePt3Si is immediately
apparent. The H-dependence of κ/κn at T → 0 is well
fitted by κ/κn = 0.15 + 0.54H
0.49 as shown by the dot-
ted line in Fig. 2(b), indicating that the power law on
H is very close to 1/2. In Fig.2(a), the H-dependence
of the T -linear coefficient of κ/T (= A + BT ) is shown.
B decreases faster than
√
H . This may be important for
understanding the origin of T -linear dependence of κ/T .
The understanding of the heat transport of supercon-
ductors with nodes has progressed considerably during
past few years [32, 33, 35]. In contrast to classical super-
conductors, the heat transport in nodal superconductors
is dominated by contributions from delocalized quasipar-
ticle states outside vortex cores. The most remarkable
effect on the thermal transport is the Doppler shift of the
energy of quasiparticles with momentum p in a circulat-
ing supercurrent flow vs (E(p) → E(p) − vs · p) [36].
This effect (Volovik effect) becomes significant at posi-
tions where the local energy gap becomes smaller than
the Doppler shift term (∆ < vs·p), which can occur in su-
perconductors with nodes. In the presence of line nodes,
where the DOS of electrons N(E) has a linear energy
dependence (N(E) ∝ E), N(H) increases in proportion
to
√
H. According to Ku¨bert and Hirschfeld (KH), the
thermal conductivity at T = 0 in superconductors with
line nodes increases as
κ(0, H) = κ00
p
p
√
1 + p2 − sinh−1 p
(3)
with p ≡
√
8~ΓHc2/π2∆0H for unitary limit scattering.
The solid line in Fig. 2 indicates the field dependence of
κ/T calculated from Eq. (3) using ~Γ/∆0 = 0.10. The
H-dependence is quite well reproduced. We stress here
that this ~Γ/∆0 value is close to that used for estimating
the universal thermal conductivity, indicating the consis-
tency between the two different experiments.
To obtain further insight into the thermal conductiv-
ity in a magnetic field, we examined the scaling rela-
tion of the quasiparticle thermal conductivity with re-
spect to T and H in accordance with Ref.[33]. At fi-
nite temperatures, the number of thermally excited qusi-
particles exceeds that of Doppler shifted quasiparticles.
This crossover field is roughly estimated by
√
H/Hc2 ∼
45
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FIG. 3: Scaling plot F ≡ κe(T,H)/κe(T, 0) vs. x =
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√
H/Hc2. Note that the data collapse into the same
curve.
kBT/∆0. A scaling relation of the single variable x =
t/
√
h with t = T/Tc and h = H/Hc2 is derived as
κe(T,H)/κe(T, 0) = F (x), (4)
where F (x) is a scaling function. Theoretically, Eqs.(3)
and (4) are expected to be valid only in the H ≪ Hc2
regime. As seen in Fig.3, the experimental data gives a
satisfactory collapse for fields up to 1T ( 0.3Hc2(0)) and
for the H=1.5T data a deviation from this collapse ap-
pears [34]. We here obtained κe by subtracting κph from
κ at finite temperatures. Since no scaling is expected for
a point node, the present T/
√
H scaling again strongly
indicates the presence of line nodes. We also note that
the scaling behavior implies that scattering in CePt3Si is
in the unitary limit.
Summarizing the salient features of the superconduc-
tivity of CePt3Si: (1) a residual term in κ(T, 0)/T as
T → 0 whose magnitude is in good agreement with
the universal conductivity, (2) T -linear dependence of
κ(T, 0)/T at high temperatures, (3) H-dependence well
fitted by the theory of Doppler shifted quasiparticles and
(4) scaling relations in the variable T/
√
H. The combi-
nation of all these results lead us to conclude that the gap
function of CePt3Si has line nodes. Recently it has been
reported that the T - and H-dependencies of the thermal
conductivity in s-wave superconductors with multigaps,
such as MgB2 and NbSe2, exhibit a strong deviation from
those in s-wave supercnductors with a single gap [38].
However it is very unlikely that such a multigap scenario
provide an explanation for the thermal conductivity in
CePt3Si. Indeed, the presence of a finite residual term
in the zero-field temperature dependence of κ/T in tem-
peratures as low as 40 mK puts an upper limit on the
magnitude of any hypothetical second gap. Moreover
the scaling observed here is not expected in the multigap
scenario. At this stage, it is safe to conclude that we are
in presence of a gap function with line nodes.
The possibility of the line node in CePt3Si was first
discussed in Ref.[10]. Recently Sergienko and Curnoe
showed that the gap function in superconductors with
lifted spin degeneracy can be expressed as ∆(k) =
χ(k)t(k), where χ(k) is an even auxiliary function that
transforms according to the irreducible representation
and t(k) is a model dependent phase factor [12]. The
thermodynamic properties are determined by the orbital
part of χ(k). The presence of line nodes is incompatible
with the recent theoretical consideration of spin triplet
gap function with d(k)=xˆky-yˆkx (which corresponds to
χ(k) = k2x + k
2
y) and NMR measurements, both of which
suggest a point-node gap function. The presence of anti-
ferromagnetism in CePt3Si may favour superconducting
states for which χ(k + Q)= −χ(k) with Q= (0, 0, π/c)
is satisfied [1]. The functions with this property in a C4v
crystal can be found in A1− and E− representations (Ta-
ble I of Ref.[12]). For A1, it is cos(kzc), which has line
nodes at kz = ±π/2c. There are three possible states
for E representation, which all have line nodes at kz = 0
and obey χ(k + Q)= −χ(k): (a)sinkz(sin kx + i sin ky),
(b) sin kz sin kx (or sin kz sin ky another domain), (c)
sin kz(sin kx + sinky).
In conclusion, we have investigated low energy quasi-
particle excitation in CePt3Si by thermal conductivity
measurements. A residual linear term κ00/T whose mag-
nitude is in good agreement with the universal conduc-
tivity is clearly observed, together with a quadratic term
at high temperatures. The field dependence is in dra-
matic contrast with that of fully gapped superconduc-
tors and exhibits one-parameter scaling with T/
√
H . All
of these results provide strong indication of line nodes in
the gap function, in contrast to recent theoretical and ex-
perimental studies. Our results place strong constraints
on models that attempt to explain the uncommon super-
conductivity without space inversion symmetry.
We thank D. Agterberg, S.H. Curnoe, S. Fu-
jimoto, N.E. Hussey, H. Ikeda, H. Kusunose,
K. Maki, I.A. Sergienko, H. Shimahara, M.A. Tanatar,
P. Thalmeier, and I. Vekhter for valuable discussions.
[1] M. Sigrist, and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).
[2] P. Thalmeier, and G. Zwicknagl, in Handbook on the
Physics and Chemistry of Rare Earths, Vol.34.
[3] E. Bauer et al. Phys. Rev. Lett. 92, 027003 (2004).
5[4] S.S. Saxena and P. Monthoux, Nature 427, 799 (2004).
[5] S.K. Yip, Phys. Rev. B 65, 144508 (2002).
[6] L.P. Gorkov and E.I. Rashba, Phys. Rev. Lett. 87,
037004 (2001).
[7] P.A. Frigeri et al. Phys. Rev. Lett. 92, 097001 (2004).
[8] P.A. Frigeri, D.F.Agterberg, and M. Sigrist, New J. Phys.
6, 115 (2004).
[9] V.P. Mineev, Phys. Rev. B 71, 012509 (2005).
[10] K.V. Samokhin, E.S. Zijlstra, and S.K. Bose, Phys. Rev.
B 69, 094514 (2004); ibid 70, 069902(E) (2004).
[11] K.V. Samokhin, Phys. Rev. Lett. 94, 027004 (2005).
[12] I.A. Sergienko and S.H. Curnoe, Phys. Rev. B 70, 214510
(2004).
[13] K. Ueda et al. cond-mat/0409638.
[14] R.P. Kauer, D.F.Agterberg, and M. Sigrist, Phys. Rev.
Lett. 94, 137002 (2005).
[15] S. Fujimoto, cond-mat/0503318.
[16] N. Metoki et al., J.Phys. C 16, L207 (2004).
[17] M. Yogi et al., Phys. Rev. Lett. 93, 027003 (2004).
[18] N.K. Sato et al. Nature 410, 340 (2001).
[19] T. Watanabe et al., Phys. Rev. B 70, 184502 (2004) and
references therein.
[20] H. Suderow et al., Phys. Rev. Lett, 80, 165 (1998).
[21] J. Bardeen, G. Rickayzen and L. Tewordt, Phys. Rev.
113, 982 (1959).
[22] S.Schmitt-Rink, K. Miyake, and C.M. Varma, Phys. Rev.
Lett. 57, 2575 (1986).
[23] P.A. Lee, Phys. Rev. Lett. 71, 1887 (1993).
[24] M.J. Graf, S-K. Yip, and J.A. Sauls, Phys. Rev. B 53,
15147 (1996).
[25] M. Suzuki et al., Phys. Rev. Lett. 88, 227004 (2002).
[26] K. Izawa et al., Phys. Rev. Lett.86, 2653 (2001).
[27] M. Tanatar et al., unpublished.
[28] R. Movshovich et al., Phys. Rev. Lett. 86, 5152 (2001).
[29] Y. Sun and K. Maki, Europhys. Lett. 32, 355 (1995).
[30] L. Taillefer et al., Phys. Rev. Lett. 79, 483 (1997).
[31] S. Hashimoto et al., J. Phys. Condens. Matter 16, L287
(2004).
[32] I. Vekhter and A. Houghton, Phys. Rev. Lett. 83,4626
(1999).
[33] C. Ku¨bert and P.J. Hirschfeld, Phys. Rev. Lett. 80, 4963
(1998).
[34] Similar scaling relation has been reported for UPt3 with
line nodes, but the universal conductivity was not ob-
served [20].
[35] N.E. Hussey, Adv. in Phys. 51, 1685 (2002).
[36] G.E. Volovik, JETP Lett. 58, 469 (1993).
[37] E. Boakin et al., Phys. Rev. Lett. 87, 237001(2001).
[38] E. Boakin et al.,Phys. Rev. Lett. 90, 117003 (2003)
